Filamentous fungi are ubiquitous in nature and serve as important biological models in 36 various scientific fields including genetics, cell biology, ecology, evolution, and chemistry. A 37 significant obstacle in studying filamentous fungi is the lack of tools for characterizing their 38 growth and morphology in an efficient and quantitative manner. Consequently, assessments 39 of the growth of filamentous fungi are often subjective and imprecise. In order to remedy this 40 problem, we developed Fungal Feature Tracker (FFT), a user-friendly software comprised of 41 different image analysis tools to automatically quantify different fungal characteristics, such 42 as spore number, spore morphology, and measurements of total length, number of hyphal tips 43 and the area covered by the mycelium. In addition, FFT can recognize and quantify 44 specialized structures such as the traps generated by nematode-trapping fungi, which could be 45 tuned to quantify other distinctive fungal structures in different fungi. We present a detailed 46 characterization and comparison of a few fungal species as a case study to demonstrate the 47 Tracker (FFT), a user-friendly software that allows researchers to characterize different 59 phenotypic features of filamentous fungi such as sporulation, spore morphology and mycelial 60 growth. In addition, FFT can recognize and quantify other fungal structures including the 61 fungal traps developed by nematode-trapping fungi. In order to show the capabilities and 62 potential of our software, we conducted a detailed characterization and comparison of 63 different fungal species. Our comparison relies on a series of experimental set-ups using 64 standard and easily accessible equipment to ensure reproducibility in other laboratories. In 65 summary, FFT is an easy to use and powerful tool that can quantitatively characterize fungal 66 morphology, cell number and quantitatively measures the filamentous growth, which will 67 allow advance our understanding of the growth and biology of filamentous fungi. 68
capabilities and potential of our software. Using FFT, we were able to quantify various 48 features at strain and species level, such as mycelial growth over time and the length and 49 width of spores, which would be difficult to track using classical approaches. In summary, 50
FFT is a powerful tool that enables quantitative measurements of fungal features and growth, 51
allowing objective and precise characterization of fungal phenotypes. 52 53 Author Summary 54
One of the main obstacles to study filamentous fungi is the lack of tools for 55 characterizing fungal phenotypes in an efficient and quantitative manner. Assessment of cell 56 growth and numbers rely on tedious manual techniques that often result in subjective and 57 imprecise measurements. In response to those limitations, we developed Fungal Feature 58
Introduction 70
Filamentous fungi are among the most ubiquitous organisms on Earth. Their unique 71 way of growth, i.e., by developing complex networks, allows them to survive in and colonize 72 even the most inhospitable environments (1). Filamentous fungi can easily adapt to different 73 environmental conditions (2) and change their nutritional requirements according to resource 74 availability (3). One of the best examples of such adaptation is nematode-trapping fungi 75 (NTF), which develop complex trapping devices under low nutrient conditions to capture and 76 consume nematodes (4). Consequently, these fungi have great potential as biocontrol agents 77 against parasitic nematodes (5). However, they often fail to establish in agricultural soils and 78 their trapping behavior is rarely observed under natural conditions (6). Therefore, in order to 79 employ NTF to control nematode populations, more detailed characterization of their growth 80 and trapping behavior and a deeper understanding of their biology is urgently needed (3). 81
One of the main obstacles to studying these fungi, and filamentous fungi in general, is the 82 lack of tools for efficiently characterizing their growth and morphology (7, 8) . 83 Conidial area varied significantly among the different fungal species (Fig. 1A) . 141
Moreover, FFT detected a substantial difference in the size of conidia from NTF, which were 142 bigger than those of the other assessed fungi. For instance, A. thaumasia presented the largest 143 conidia (average size ~645 μm 2 ), whereas the smallest conidia were those of T. reesei 144 (average size ~22 μm 2 ). The results obtained for conidial length and width ( Fig. 1B and 1C ) 145 are consistent with the data on conidial area. Within the NTF, A. musiformis conidia were of 146 similar average length to those of A. thaumasia, whereas average conidial width in A. 147 musiformis was closer to that of A. oligospora, resulting in values for A. musiformis conidial 148 area lying between those of the other two species. 149
To measure conidial shape, FFT computes circularity ( Fig. 1D) . Circularity values 150 close to one, such as those observed for T. reesei and N. crassa, correspond to almost perfect 151 circles. This feature could be clearly observed for the detected conidia (Fig. 1, top) , being 152 very rounded for T. reesei and N. crassa and elongated in the nematode-trapping species. 153
In addition, we employed FFT to capture morphological differences among the 154 conidia of three strains of A. oligospora ( Supplementary Fig. S1 ). However, very few 155 differences were observed for the morphological features we assessed. Only the length of the 156 conidia produced by strain TWF132 was slightly longer than that of the other two strains. 7 158 Automated spore counting by FFT 159 Conidia quantification is a daily task in many fungal laboratories. Consequently, we 160 assessed the versatility of the spore/conidia counting function of FFT using a simple 161 experimental set-up. For this purpose, we tested FFT using images captured at different 162 resolutions of the fungal species and strains described in the previous section, thus 163 representing a wide range of conidial sizes and shapes. When acquiring these images, it was 164 important to take into account magnification and resolution since spores/conidia should be 165
represented by more than one pixel in order to be efficiently detected. For example, images 166 obtained with a basic digital camera and a microscope up to a magnification of 16X and 167 average resolution will produce acceptable results when studying large spores such as those 168 produced by NTF. In contrast, images obtained at the same magnification of T. reesei or N. 169 crassa conidia may contain small dust particles or lighter areas that could give rise to false 170 positive data (noise detected as conidia). 171 Figure 2 shows the conidia detected and computed by FFT from images obtained at 172 80X magnification (image size ~ 1.3 mm x 1 mm). FFT excluded hyphae and recognized 173 conidia of different size and shape, including the small conidia of T. reesei and N. crassa. 174 The performance of FFT's spore/conidia counting algorithm in terms of percent error is also 175 shown in Fig. 2 . To compute performance, we manually counted the number of conidia in 10 176 images per species and compared this number to that obtained using FFT on the same images 177 using the following formula: 178 P e r c e n t e r r o r
Using this measure, percent error is positive when FFT detects more spores that when 180 manually counted and is negative when FFT misses spores that where manually counted. We 181 observed that average values of percent error are close to 0 for most species, which indicates 182 a good overall performance of FFT in terms of conidial counts. Even though we used the 183 same parameters (see the section "Fungal Feature Tracker (FFT) interface and workflow" 184 below) to compute the number of conidia in all images of each of the fungal species we 185 assessed, the percent error is below 5% for most of these images. The spores of T. reesei are 186 small and numerous (average of 380 conidia per image), meaning that noise in the form of 187 dust or irregularities in the media can be easily confused with small conidia. Therefore, we 188 adopted a conservative approach and selected restrictive parameters to ensure that only 189 conidia clearly distinguishable as such are detected by FFT. This approach results in a slight 190 underestimation of the numbers of T. reesei conidia, as shown in We also studied conidiation in different strains of A. oligospora after 7 days of 199 growth. Since A. oligospora conidia are larger than those of other fungi ( Fig. 1 ), we could 200 detect them at a magnification of 16X. Images obtained at that magnification contained all 201 the conidia in a 5 μl drop of spore solution. Therefore, we were able to compute the total 202 number of conidia produced by each strain in an entire 5 cm Petri-dish after 7 days of 203 cultivation. Figure 3 shows the results obtained by FFT for 10 images per strain. Strain 204 TWF154 produced the most conidia, with an average of 848 conidia per 5ul of spore solution, 205 equivalent to 169,600 conidia per Petri-dish, whereas strain TWF132 produced the least 206 amount of conidia per Petri-dish ( Fig. 3) . 207 The mycelium characterization function of FFT quantitatively computes several 215 fungal measures from images of the mycelium such as total length, area covered by the 216 mycelium, and the number of hyphal tips. This function works both on single images and on 217 sets of images representing a temporal series, thus reflecting mycelial growth. 218
In order to achieve high quality results, the mycelium characterization function of 219 FFT requires high contrast images with low noise. Such images can easily be obtained using 220 fluorescent dyes to generate images showing a bright mycelium on a dark background so that 221 noise (such as media irregularities) is not observed. Several fluorescence dyes require cell 222 fixation or can stain mycelia for only short time periods (23-25). However, SCRI 223
Renaissance 2200 (SR2200) can stain fungal cell walls without arresting growth (26), 224 allowing mycelial development to be captured in high quality images at consecutive time-225
points. 226
We tested the accuracy of the mycelium characterization function of FFT using a set 227 of 10 fluorescence images showing different stages of the mycelium developed by A. 228 oligospora (strain TWF154). We constructed ground truths of each image and computed 229 precision, recall, F-measure and Matthews Correlation Coefficient (MCC), all of which are 230 measures widely used to assess the performance of image detection algorithms (27). In Table  231 1, we present the values obtained for each of these measures for the mycelium detected by 10 FFT from each of the 10 images. For all these measures, We studied growth from single spores on LNM over 72 hours for three different 266 strains of A. oligospora (TWF154, TWF132, TWF102). To do this, we collected single 267 conidia from each fungal strain and stained them directly with SR2200. For each of the three 268
A. oligospora strains, we present in Fig Moreover, the area covered by the mycelium (blue polygons) and the detected hyphal tips 272 (yellow dots) were accurately characterized in all strains. Averages of the different measures 273 computed for six replicates of each strain and time-point are also presented as graphs in Fig.  274 12 and segments than the other two A. oligospora strains, with TWF154 having 4-fold more 276 hyphal tips and segments than TWF102 by the end of the experiment ( Fig. 4G and 4H) . 277 Furthermore, TWF154 colonized the entire studied growth area ( Fig. 4I ) within the 72-hour 278 experimental period. We performed a Mann Whitney test (MWT) (28) to find statistical 279 differences between pairs of growth curves. While the two first measures showed a 280 significant difference between the studied strains, the area covered by the mycelium follows a 281 similar trend for TWF102 and TWF132 (p-value 0.18, Supplementary Table S1 ). Thus, the 282 mycelial networks formed by these strains have different densities. This finding would have 283 been overlooked simply using colony radius to measure mycelial development, highlighting 284 the need to compute several measurements in order to fully characterize mycelial dynamics. 285
286
We conducted a second experiment in which we added dye to different media instead 287 of staining the spores. To do so, we placed a drop of spore solution obtained from three 288 fungal species (A. oligospora, T. reesei and N. crassa) on plates of PDA (nutrient-rich) or 289 LNM (nutrient-poor) media mixed with SR2200 and recorded the growth of the spores for 48 290 hours. In Figure 5 (A-F), we present images showing the changes in mycelial growth detected 291 by FFT at time intervals for each fungal species and type of medium. These plots reveal clear 292 differences in mycelial density and area coverage among the fungal species and for the 293 different media, with these differences better reflected by the quantitative data produced by 294 FFT and graphically presented in Figure 5 (G-L; averages of two replicates per strain, type of 295 media, and time-point for the total number of hyphal tips, total mycelial length and the area 296 covered by the mycelium). Sigmoidal growth curves were apparent for each of the three 297 fungal species and for both types of media (Fig. 5, I and L) , which is typical of filamentous 298 fungal growth (29, 30) . A lag phase, the duration of which varied depending on the species, is 299 followed by an almost exponential growth phase, after which most species reached a plateau 300 (once the studied growth area was full of hyphae). 301 Table S2 ), especially 315 compared to those obtained in LNM. Of the three species we assessed, N. crassa exhibited 316 the most efficient colonizing behavior. This fungus had colonized the entire growth area in 317 both nutrient conditions within 48 hours and, in PDA, it covered the full area within the first 318 24 hours of the experiment. However, N. crassa develops more sparse networks when 319 compared to those of T. reesei. This latter fungus seems to develop more slowly, but 320 generates more hyphal tips and a denser network. We found that A. oligospora grew more 321 slowly than the other two species and did not cover the entire growth area within 48 hours. 322
However, the final total mycelial length of A. oligospora was very similar to that of N. 323 crassa, suggesting that A. oligospora makes more compact and dense networks.
abilities of these fungi vary greatly, even among closely-related fungal species and in 327 different types of media (4,31,32). Quantifying trap formation by different strains is crucial to 328 study the trapping behavior of these fungal predators (4). 329
In order to quantify differences in trapping ability, we developed a trap counting 330 function as part of the FFT program. FFT can very precisely distinguish traps from the rest of 331 the mycelium ( Fig. 6 A-C). In addition, FFT revealed significant differences in trap 332 formation between the three assessed strains of A. oligospora (Fig. 6D ). Each of the images 333 in Figure 6 certain criteria for image acquisition should be met to achieve optimal results with FFT. First, 363 high contrast between the fungal features to be analyzed and the background is strongly 364 recommended to aid the calibration process. Second, good image resolution is also required 365 for FFT to produce reliable results. For example, a fungal spore or fungal trap should be 366 represented by several pixels in order to be successfully characterized. Third, it is important 367 to consider that image analysis may not be the best method to analyze structures occurring in 368 three-dimensional space, such as aerial hyphae. 369
The scenarios studied in this manuscript only represent a small sample of all the 370 possibilities that FFT has to offer. We focused on our own research interests and two model 371 filamentous fungi (N. crassa and T. reesei), but the live-imaging techniques and image 372 analysis algorithms described herein should produce analogous results for many filamentous fungi. Moreover, by using SR2200 to stain the fungal wall, we could follow fungal 374 development without needing to perform genetic manipulations such as expressing GFP 375 fluorescence, which can be challenging for many non-model fungal species (33). Considering 376 the results obtained for the fungal strains and species we studied, FFT could be used to 377 examine morphological differences in fungal growth and sporulation under different 378 environmental conditions and between different fungal species. Furthermore, FFT can aid the 379 study of genetic differences affecting the growth and morphology of fungi. For instance, one 380 of the main obstacles to using NTF as biocontrol agents arises from their inability to become 381 established in agricultural soils (6). FFT could be used to select fungal strains exhibiting 382 enhanced trapping and colonization ability, potentially identifying strains that are more suited 383 to be used as a biocontrol agents. 384
We wanted to provide the fungal research community with a simple tool for studying 385 images of fungi at different stages of development. Image analysis tools that have been 386 developed for other biological systems such as neurons (34), plant roots (35) and cells (36) 387 may provide adequate results from fungal images. However, since fungi grow at a different 388 scale, under different conditions and may be imaged using different devices to those systems, 389 fungal imaging presents its own challenges, which is a major reason we decided to develop 390 FFT specifically for the analysis of fungal images. 391
Unfortunately the wide scope and versatility of FFT hinders full automation of the 392 image analysis process. In order to automatically calibrate the FFT algorithm, prior 393 knowledge about the images is required, including the image acquisition settings and some 394 morphological aspects of the studied fungi. The accuracy of the results generated by FFT 395 depends on the calibration step, so adequate calibration is crucial. In addition, users should 396 visually assess the quality of FFT outputs. For a more accurate performance, we suggest 397 constructing ground truths in the images of interest and then computing image analysis 398 performance measures (such as those described in the Supplementary Materials). 399
Overall, FFT represents a user-friendly tool that has been custom built for the analysis 400 of fungal morphology and growth. It is highly versatile, allowing for the study of numerous 401 fungal species and growth scenarios, and relies on images that can be generated from a wide 402 range of devices. Therefore, we believe that incorporation of FFT into mycological 403 laboratories will enhance the quantity and quality of data and present new avenues for fungal 404 research. 405 406
Materials and methods 407
Organisms and media 408
Five filamentous fungal species: Arthrobotrys oligospora (TWF154, TWF132 and 409 TWF102), Arthrobotrys musifortis (TWF105), Arthrobotrys thaumasia(TWF678), 410
Neurospora crassa (FGSC2489) and Trichoderma reseei (QM6a) were studied in order to 411 demonstrate the versatility of FFT. Arthrobotrys species are NTF able to capture and 412 consume nematodes by developing complex adhesive networks (3). N. crassa and T. reesei 413 were selected because they represent widely studied filamentous fungi (37,38). All fungal 414 strains and species were cultured on Potato Dextrose Agar (PDA) medium plates at 25 °C in 415 a dark incubator for 7 days prior to conducting experiments. In addition, Caenorhabditis 416 elegans nematodes (N2) were used to trigger trap formation in A. oligospora. 417 418
Image acquisition 419
Conidiation 420
Spore suspension of fungal strains was inoculated on 5 cm PDA (YPD for N. crassa) 421 plates and incubated for 5 days at 25°C in the dark. 2 ml of ddH 2 O was added to each plate and conidia were carefully scratched off from the surface of the mycelium. The ddH 2 O from 423 the plate was first filtered through two layers of non-woven cloth (to exclude extraneous 424 hyphae) and then transferred to a 2 ml centrifuge tube for centrifugation at 13,000 x g for 1 425
minute. 1 ml of supernatant was extracted from each tube and 10 x 5 μl droplets of the 426 remaining solution were placed on an LNM Petri-dish. Each droplet was imaged using a 427 Zeiss Stemi 305 Stereo Microscope (Zeiss, Göttingen, Germany) and a Zeiss Axiocam ERc 428 5s Microscope Camera (Zeiss, Göttingen, Germany) at a resolution of 80X and 16X, for the 429 conidiation study of fungal species and A. oligospora strains, respectively. The images 430 comprised 2290 × 1920 pixels, representing an area of about 1.3 x 1 mm for the 80X images 431 and 6.3 x 5.3 mm for the 16X images. 432
Conidia morphology 433
To study the morphology of conidia, conidia of different fungal species were stained 434 by calcofluor white (Sigma) and imaged by an Axiovert 200M fluorescence microscope 435 (Zeiss, Göttingen, Germany) at 400X using ultraviolet light and a blue/cyan filter. The 436 resulting images represent an area of 347 x 260 μm and contain 1-3 conidia. 437 438
Trap counting 439
A. oligospora only develops traps in low nutrient environments in the presence of 440 nematodes (4). Consequently, A. oligospora strains were first cultured for 2 days in 3.5 cm 441 diameter LNM-containing Petri-dishes. Then, 30 adult living C. elegans nematodes were 442 placed on the Petri-dishes for 6 hour and subsequently washed out from the plates with M9 443 buffer (22 mM KH 2 PO 4 , 42 mM Na2 HPO 4 , 86 mM NaCl). After an additional 18 hours of 444 growth, A. oligospora strains were imaged using a Zeiss Stemi 305 Stereo Microscope (Zeiss, 445 Göttingen, Germany) and a Zeiss Axiocam ERc 5s Microscope Camera (Zeiss, Göttingen, 446 random for 6 plates per strain, yielding a total of 18 images per strain. 448 449
Mycelium quantification 450
To characterize early mycelial growth of the A. oligospora strains, first single 451 conidium were transferred to a 24 well plate containing a thin layer of LNM (200 μl). After 2 452 hours incubation, 1 ml of SCRI Renaissance 2200 (Renaissance Chemicals) dye (0.1%) was 453 added to each well and led to act for 10 minutes in the dark. Then, each well was washed 454 twice with PBS and the plates were placed on an ImageXpressMicro-XL system (Molecular 455
Devices, Sunnyvale, California) set up at 25 °C and under controlled humidity. 12 images 456
(1598 x 1598 pixels, size 0.66 x 0.66 cm) representing different parts of the well were 457 captured at 2X magnification every hour for 72 hours. For each time point and well, the 12 458 images were assembled together (size 2.64 x 2.64 cm) and a mask representing the edge of 459 the well was subtracted. 460
The growth of the fungal species in different growth media was assessed by adding 461 7.5μl of SR2200 dye (0.05%) to 15 ml of each type of media (LNM and PDA). 300μl of the 462 stained media was placed in a 12 well plate and 5μl of conidia solution was inoculated on 463 two wells per species and media. ImageXpressMicro-XL system (Molecular Devices, 464 Sunnyvale, California) was used to capture 2X images every hour for 48 hours. Finally, the 465 images representing each well per time point were assembled resulting in images of 6392 x 466 6392 pixels and a mask representing the well edge was subtracted from them. 467
Fungal Feature Tracker (FFT) interface and workflow 468
The general workflow of FFT consists of the following three consecutive steps: input 469 selection, calibration, and output configuration. For simplicity, this workflow is common to 470 all quantification functions of FFT, i.e., the workflow is the same irrespective of the phenotypic feature being analyzed. In addition, the user interface is divided into simple tabs, 472 each representing one of the workflow steps ( Fig. 7) , thereby ensuring execution of FFT is 473 user-friendly. The first tab is "Input options". In this tab, users can select a folder containing the set 483 of images to be analyzed by FFT. Importantly, all images in the selected folder will be 484 analyzed using the same parameters and, therefore, they should be as homogeneous as 485 possible. For instance, images obtained with different devices or using very different settings 486
should not be part of the same set of images. Additionally, a mask can be selected in this tab 487 to reduce noise present in the set of images. For example, in our case, masks representing the 488 edge of the wells were subtracted from the original images. Since the same mask is 489 subtracted from all images of a given set, we strongly advise only using simple and general 490 masks. Also in the "Input options" tab, the quantification function must be selected. There are 491 four available functions in the current version of FFT: conidia/spore counting, conidia/spore 492 morphology characterization, trap counting, and mycelium characterization. Each of these 493 functions rely on different image analysis algorithms, have their own specific parameters, and 494 result in different outputs. In the section below, we explain the different quantification 495 functions of FFT in more detail. 496 is enabled. The purpose of this tab is to select the parameters that work best with all the 498 images of the set and the selected function. Values of the different parameters can be changed 499 in this tab using sliders. When the value of a parameter is changed, a screen at the center of 500 the "Calibration" tab is updated to show how the chosen parameters affect the output of the 501 function. By default, the output of the selected function is shown for an image randomly 502 selected from among those in the image set, but users can select any image on which to 503 perform the calibration. The outcome of applying the chosen parameters on several images of 504 the set can be checked by clicking the "Test" button. The "Test" button opens a new window 505
showing the output obtained from applying the selected parameters to three randomly 506 selected images of the set. Once an optimal parameter combination has been selected, users 507 must save these parameters by clicking "Save parameters". The calibration can also be 508 performed on a augmented area of an image by selecting the "Zoom" checkbox. This feature 509 is particularly useful for calibrating large images in which features cannot be easily observed 510 using the whole image and to speed up the calibration process since small images can be 511 analyzed faster by FFT. 512
The final tab, "Output options", allows users to select the location where the FFT 513 outputs are stored. Upon choosing the output directory, the "Run" button becomes active. By 514 clicking this button, the function selected in the "Input options" tab is automatically applied 515 according to the parameters chosen in the "Calibration step" to all images of the selected set. 516
During this execution phase, several files representing the outputs of FFT are generated and 517 stored in the output folder selected in the "Output options" tab. 518 
FFT functions 531
Conidia/spore counting 532
The purpose of the conidia/spore counting function is to detect and count the number 533 of spores or conidia spread over a transparent background. This function relies on the fact 534 that conidia or spores are darker than the surrounding background. Therefore, strong contrast 535 between the spores and the background in the original images is crucial for this function to 536 perform satisfactorily. In the first step, the original image is transformed into a binary (black 537 and white) image containing only the most important information. To do this, we first 538 inverted the colors of the image so that the spores are represented as white objects against a 539 dark background. We used the MorphologicalBinarize function from 540 Mathematica (Version 11.1.1.0, Wolfram Research Inc., USA) to generate the binary image. 541
This function requires selection of two parameters (the binarization thresholds b1 and b2) in 542 FFT during the calibration step. All image pixels having value greater than the selected 543 threshold for b1 are assigned a value of 1 (white). In addition, all pixels whose value is above 544 the selected b2 threshold and that are connected to the foreground are also assigned a value of 545 Some of these objects might be spores/conidia and some may represent noise or 547 contamination (such as hyphae or dust). Consequently, users must determine which objects 548 are spores/conidia by filtering according to morphology. To do this, minimum and maximum 549 areas for spores can be defined, as can an elongation threshold. These parameters can be 550 applied to filter out tiny particles that might represent dust or large, long and narrow artifacts 551 that may correspond to hyphal fragments. These three thresholds can be set in the 552 "Calibration" tab, where they are referred to as "Min Area", "Max Area" and "Elongation", 553 respectively. To select the objects that pass this filter, i.e., spores/conidia, we used the 554
SelectedComponents function from Mathematica with the abovementioned parameters. 555
The detected spores/conidia are then highlighted in blue and overlaid on the original image as 556 an output image ( Fig. 2 and 3) . Finally, the detected spores/conidia of each image of the set 557 are counted to generate the results table. 558
Conidia/spore morphology 559
The algorithm of the conidia/spore morphology characterization function is very 560 similar to that used for conidia/spore counting. As for the previous function, binary images 561 are generated using the MorphologicalBinarize function. However, in this case, the 562 spores/conidia have been treated with calcofluor white so it is not necessary to invert the 563 colors since the spores already appear white against a dark background. This function also 564 uses SelectedComponents to detect and filter the forms representing spores/conidia 565 based on thresholds for minimum and maximum areas and elongation. Thus, the parameters 566 used for the conidia/spore morphology function and the conidia/spore counting function are 567 the same: the binarization thresholds "b1" and "b2", and the spore morphology parameters 568 "Min Area", "Max Area" and "Elongation". It must be noted that due to differences in the 569 scales of the input images, the thresholds for minimum and maximum area, as well as the 570 elongation parameter, can differ considerably for these two functions. For each image, the output of the conidia/spore morphology function consists of the area (in pixels) of each 572 conidium present in the image, its length, width and circularity. Here, we define length as the 573 longest axis of the best-fit ellipse fitted to the detected spore/conidia, whereas width 574 corresponds to the shortest axis of the same ellipse. Circularity is defined as the ratio of the 575 equivalent disk perimeter to the actual perimeter length, so a circular spore has a circularity 576 value close to 1. Values for these features are presented in the output images, graphically 577 overlaid on the original image (as shown in Fig. 1) , and detailed for each image in the results 578 table. 579
Mycelium characterization 580
The image analysis algorithm behind the mycelium characterization function is the 581 most complex employed by FFT and it is adapted from previously published algorithms 582 (29, 39) . The first step of this algorithm is to simplify the information contained in the raw 583 images by reducing noise. To do this, we applied a Gaussian filter (using the 584
GaussianFilter function from Mathematica) to the original image to create a mask that 585 is then subtracted from the original image. This function uses a Gaussian kernel of a given 586 radius (in pixels) to convolve the image, i.e., it replaces each pixel by a linear combination of 587 its neighboring pixels according to the weights given by the Gaussian kernel. This procedure 588 results in a blurry image that reduces noise, homogenizes the background, and accentuates 589 the most prominent pixels in the image upon being subtracted from the original image. The 590 radius of the Gaussian kernel can be selected by the user in the "Calibration" tab under the 591 name "gaussian". The noise-reduced image is then transformed into a binary image using the 592 MorphologicalBinarize function defined by the binarization thresholds b1 and b2. 593
We often observed gaps in this binary image due to out-of-focus areas and areas of low 594 contrast due to uneven distribution of the dye (especially at the edges of Petri-dishes). To 595 overcome this issue, we performed an image dilation using a 3x3 box matrix via the results in a binary image showing thick hyphae and a connected mycelium. After this dilation 598 step, we used the Thinning function of Mathematica to transform the thick hyphae into 599 lines of the same width. Finally, we deleted small components and pruned small 600 uninformative branches (see Figure 8C ) using the functions DeleteSmallComponents 601 and Pruning, respectively, with the parameter "Minimum hyphae" that can be selected 602 during the calibration step. In addition, if users define a mask, it can be subtracted from the 603 final binary image to delete misleading information such as Petri-dish edges or other evident 604 noise arising from the experimental set-up. 605 Once a clear, binary image has been obtained in which the hyphae in the mycelium 613 are shown as simple lines, it is transformed into a mathematical graph in which nodes 614 represent objects and edges represent relationships between the objects (40). In our case, each 615 node represents a hyphal tip or junction and each edge represents the hyphae connecting 616 those junctions (41). We created mathematical graphs using the MorphologicalGraph 617 function of Mathematica. Several features can be quantified from these graphs representing 618 the mycelium. For instance, we obtained growth-related measures such as the total length of 619 the mycelium (as the sum of all the edges in the graphs (42)), the number of hyphal tips (as 620 the nodes connected to only one edge), and the area of the mycelium (as the convex hull of the nodes composing the graph). We refer the reader to (29) for more detail about these 622
measures. 623
The final output of the mycelium characterization function consists of a table of 624 results in which each row represents an image together with the respective values for all of 625 the aforementioned features. In addition, output images are generated for each original image 626 that display the mathematical graph, the detected hyphal tips and the computed area of the 627 mycelium highlighted over the original image. For instance, in Fig. 4 , we present output 628 images obtained using the mycelium characterization function in which the area covered by 629 the mycelium is shown in blue, the detected hyphae are shown in green, and the hyphal tips 630 are shown in yellow. It is worth noting that even though the mycelium characterization 631 function can be used on single images, it can also be used to study fungal development over 632 time. For instance, by using a temporal series of images as the image set, it is possible to 633 characterize mycelium features at consecutive time-points and consequently to track the 634 changes occurring in the mycelium over time. 635
Trap counting 636
The trap counting function of FFT was designed to count adhesive network traps; a 637 feature observed only in certain NTF (4). However, we believe that other fungal traps such as 638 constraining rings (43) and other complex structures such as appressoria (44) could also be 639 recognized by using this function since the traps are detected as structures distinct from the 640 rest of the mycelium. Therefore, as for the previously described functions, a binary image 641 must be generated and traps can then be selected based on their morphology, i.e., their size 642 and elongation. Thus, the parameters applied in this function do not differ from those of the 643 first two functions, so the trap counting function could be considered a particular application 644 of the conidia/spore counting function. 645 manuscript. We also thank all the members of the Hsueh lab for their help and support. This 650 work was supported by the Academia Sinica Postdoctoral Fellowship to GV and the start-up 651 fund of Academia Sinica and Ministry of Science and Technology 106-2311 A. oligospora T. reesei N. crassa A. musiformis A. thaumasia
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